ABSTRACT. Insulin secretion is regulated by ATP-sensitive potassium channels (KATP). The potassium inwardly-rectifying channel, subfamily J, member 11 (KCNJ11) gene, located on chromosome 11p15.1, encodes the subunit Kir6.2 that forms the pore region of KATP channels in pancreatic β-cells. Among the single nucleotide polymorphisms (SNPs) associated with KCNJ11, the E23K polymorphism (rs5219) promotes a substitution (G > A) of a glutamic acid residue for lysine at position 23. The E23K SNP has been associated with diabetes in several populations, although with controversial results. The aim of this study was to evaluate the association of the E23K SNP with type 1 and 2 diabetes in a case-control study approved by the Ethics Committee. We genotyped 458 Euro-Brazilian individuals, classified as healthy (control group, CTRL, N = 217), patients with type 1 diabetes mellitus (T1D, N = 102), and patients with type 2 diabetes mellitus 2 S.W. Souza et al.
INTRODUCTION
Diabetes mellitus (DM) is a disease characterized by chronic hyperglycemia (American Diabetes Association, 2016) . DM is a multifactorial disease caused by both genetic and environmental factors and their complex interaction. The two major groups are type 1 diabetes (T1D), an autoimmune disease, and type 2 (T2D), a common form of diabetes associated with insulin resistance. Together these types are responsible for more than 95% of all patients with diabetes (American Diabetes Association, 2016).
Multiple genes are involved in DM (Basile et al., 2014) . Those that have gained the most attention are involved in the insulin secretion pathway (Haghvirdizadeh et al., 2015) . Insulin secretion is mediated through ATP-sensitive potassium (KATP) channels in pancreatic β-cells (Ashcroft and Rorsman, 1989) . The KATP channel consists of two types of subunit: an inward-rectifier potassium channel subunit (Kir6.2), and a sulfonylurea receptor (SUR) subunit (Shyng and Nichols, 1997) . This channel is a heteromeric protein, composed of four Kir6.2 subunits, forming the pore of the KATP channel, coupled to four high-affinity SUR subunits (Inagaki et al., 1995) surrounding the pore. Kir6.2 is encoded by the potassium inwardly rectifying channel, subfamily J, member 11 (KCNJ11) gene (Basile et al., 2014) .
Several single nucleotide polymorphisms (SNPs) have been reported to be associated with susceptibility to different types of DM, including those within the KCNJ11 gene and interacting genes (Gloyn et al., 2003; Haghvirdizadeh et al., 2015) . The rs5219 SNP is located in exon 1 of the KCNJ11 gene. A variant of KCNJ11, known as E23K, results from a G → A transition in codon 23 promoting a substitution of glutamine (E) by lysine (K), Lys23Gln, at the NH 2 -terminal tail of Kir6.2 (Haghvirdizadeh et al., 2015) . Association studies of rs5219 have not conclusively connected the polymorphism and susceptibility to T2DM; some studies demonstrated associations (Nielsen et al., 2003; Alsmadi et al., 2008; Tabara et al., 2009; Zhou et al., 2009; Abdelhamid et al., 2014 ) and others did not confirm this finding (Cauchi et al., 2008; Ezzidi et al., 2009; Nikolac et al., 2009; Neuman et al., 2010; Danquah et al., 2013) .
It has been suggested that T1D and T2D may share a degree of common genetic predisposition (Wilkin, 2001) , given that they both result from abnormal β-cell function and/or destruction. Therefore, genes involved in insulin secretion and insulin signaling may potentially be risk modifiers for diabetes (Cejková et al., 2007; Ko et al., 2012) . In this study, we examined the association of KCNJ11 polymorphism E23K (rs5219) in Euro-Brazilian individuals with or without T1D or T2D, in a case-control study.
MATERIAL AND METHODS

Subjects
The Euro-Brazilian, unrelated subjects (N = 458) in this study were divided into three groups designated as healthy subjects (Control, N = 217), T1D (N = 102), and T2D (N = 139) according to criteria of the American Diabetes Association (2016) 
Clinical chemistry data and genotyping
Biochemical parameters were determined using routine laboratory methods (Abbott Diagnostics), including immunoturbidimetry for glycated hemoglobin (HbA1c), conducted with an automated system using reagents, calibrators, and controls provided by the manufacturer (Architect Ci8200, Abbott Diagnostics). The concentration of 1,5-anhydroglucitol (1,5-AG) was measured enzymatically (GlycoMark, Tomen America, New York, NY, USA).
Genomic DNA was extracted from blood samples using the salting-out technique and quantified. The concentration was adjusted to 20 ng/µL with an A 260/280 ratio of 1.7-1.9.
The E23K of the Kir6.2 polymorphism was genotyped using polymerase chain reaction-restricted fragment length polymorphism (PCR-RFLP) method. The polymorphic site of the Kir6.2 gene was amplified by PCR (forward: 5'-GACTCTGCAGTGAGGCCCTA-3' and reverse: 5'-ACGTTGCAGTTGCCTTTCTT-3' primers) producing an amplicon of 210 bp as described by Nielsen et al. (2003) . Briefly, the PCR mix (10 µL volume) contained 100 ng genomic DNA, 5 pmol/L of each primer, 0.2 mM dNTPs, 1.5 mM magnesium chloride, 0.2 U DNA polymerase (Invitrogen, Waltham, MA, USA), 1X polymerase buffer, and ultrapure water. PCR cycling was 1 cycle at 94°C for 3 min, 34 cycles at 94°C for 1 min, 61.2°C for 1 min, and 72°C for 1.5 min, and a final step of 72°C for 10 min. PCR product (1 µL, 10-20 ng) was digested with 1.0 U BanII enzyme (New England, Ipswich, MA, USA) at 37°C overnight. Digested fragments were resolved by 15% polyacrylamide 29:1 gel electrophoresis (1X TBE buffer) and stained with ethidium bromide.
Statistical analysis
Normality was verified with the Kolmogorov-Smirnov test. Continuous variables are shown as means ± standard deviation and the Student t-test (two-tailed) was applied in comparisons. Non-normally distributed data are shown as median (interquartile range) and compared with the Mann-Whitney U-test.
Discrete variables were compared by the chi-square test. Hardy-Weinberg equilibrium and allele comparisons were calculated with the DeFinetti program (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl).
A probability (P) less than 5% (P < 0.05) was considered significant in all analyses. All analyses were performed using the Statistica for Windows 8.0 (StatSoft, Inc., Tulsa, OK, USA) software program.
RESULTS
On average, healthy subjects (control) were older than T1D patients (33.8 vs 29.7 years, P < 0.05) and much younger than T2D patients (33.8 vs 60.4 years, P < 0.001).
Females were predominant in T1D (59.9%) and T2D (73.3%), both different (P < 0.001) from the controls, where males were in the majority (60.8%).
There was no significant difference between control and T1D body mass index (26.9 vs 26.2 kg/m 2 , P = 0.279). BMI in T2D (29.8 kg/m 2 ) was higher than that of the other groups (P < 0.001). Non-fasting glycemia and HbA1c medians were high (P < 0.001) in T1D (9.1 mM; 9.0%) and T2D (7.7 mM; 8.5%) compared with those of the healthy controls (5.0 mM; 5.3%).
In addition, 1,5-AG concentration was significantly (P < 0.001) reduced in T1D (20.1 µM) and T2D (51.8 µM) compared with that of the control group (142.5 µM).
A significant difference in the concentration of glucose control biomarkers can be observed between the control group and patients with diabetes (Table 1) .
Serum creatinine concentration showed no difference among the groups, and urea was significantly higher only in the T2D group. Both of these biomarkers for kidney function were within the reference interval in all groups (Table 1) , suggesting no kidney damage.
Total protein and albumin serum concentration were lower (P < 0.001) in T1D and T2D compared to those of the controls. Table 1 . Anthropometric and laboratory characteristics of the studied groups.
Values are reported as means ± standard deviation, median (interquartile range), or number (N) of individuals. Control, healthy subjects; T1D, type 1 diabetes, T2D, type 2 diabetes; 1,5-AG, 1,5-anhydroglucitol; HbA1c, glycated hemoglobin A1c; BMI, body mass index. Probability (P), Student-t test (two-tailed), *Mann-Whitney U-test or **chi-square test. Significant P values (P < 0.05) are in bold. The genotype distributions in all groups were in Hardy-Weinberg equilibrium ( Table 2 ). The genotype frequencies of E23K (rs5219) showed no difference among the studied groups (P > 0.05), either in dominant or recessive models. The minor allele frequencies (MAF), A-allele (K-allele), were not different among the groups (P > 0.05).
In addition, anthropometric (BMI) and biochemical parameters (non-fasting glycemia, HbA1c, 1,5-AG, urea, and creatinine) did not show association with the E23K genotypes (data not shown). Values are reported as N (%). E23K, substitution of a lysine (K) at position 23 for glutamic acid (E). Probability (P), chi-square test; 95%CI, confidence interval of 95%. All groups were in Hardy-Weinberg equilibrium (Control, P = 0.227; T1D, P = 0.389, and T2D, P = 0.598). *Dominant model and **Recessive model.
Genotypes and allele frequencies observed for E23K were compared with other studies and populations (Table 3) . Similarities with our study were considered when the MAF were within the 95% confidence interval. 
DISCUSSION
The high concentration of HbA1c in T1D compared to T2D (9.0 vs 7.5%, P < 0.001; Table 1 ) may be associated with poor glycemic control, a common finding in insulin users. In agreement with these findings, further studies have shown that 1,5-AG concentrations are consistently and markedly decreased in T1D (mean 21 to 95 µM) (Yamanouchi et al., 1992 ) when compared to T2D patients (mean values of 31.6 to 74.3 µM) (Yamanouchi et al., 1992) , and in this study (T1D 20.1 µM and T2D 51.8 µM). The 1,5-AG plasma concentration difference between T1D and T2D in this study was significant (P < 0.001) and also consistent with that reported by Yamanouchi et al. (1992) .
Concentrations of HbA1c >7.0% (>53 mmol/mol) and 1,5-AG < 61 µM (<10 mg/mL), a marker for hyperglycemic excursions, suggested poor glycemic control. These characteristics were observed in our diabetes groups T1D and T2D (Table 1) .
Although the T2D group had urea concentration higher than that of the control and T1D groups (Table 1) , it is not outside the reference range (2.5-7.5 mM), indicating that the diabetes groups did not show an overt nephropathy. Hyperglycemia leads to hyperfiltration early in the course of diabetes, and hence increased glomerular filtration rate (Jerums et al., 2010) . This increased glomerular filtration rate could result in lower creatinine levels in patients with diabetes compared to the control group. The higher urea level in T2D could be a result of lower urea excretion in attempting to produce more concentrated urine (Bankir et al., 1993) . This profile of renal function markers, higher urea, and lower creatinine levels in T2D compared to controls was similar to that found by Kornhauser et al. (2008) .
Patients with T1D and T2D are subject to inflammatory processes and microalbuminuria, and both conditions can reduce plasma albumin concentrations (Jerums et al., 2010) . These characteristics could partially explain the small reduction in protein concentration in the diabetes groups. In addition, increases in glomerular filtration rate and subtle increases in urinary albumin excretion have been reported early in the course of diabetes (Jerums et al., 2010) .
Susceptibility genes associated with T1D and T2D have generally not been shown to overlap (Basile et al., 2014) . A few studies have been carried out to evaluate the effects on the risk of T1D (Cejková et al., 2007; Qu et al., 2008; Raj et al., 2009; Ko et al., 2012) and none of them has observed association in Caucasians and Asians. The allele frequency for rs5219 reported in the present study was slightly lower than the rate reported for Korean (Cejková et al., 2007) and Czech (Ko et al., 2012) populations (Table 3) , but similar to Caucasian populations (36%) (Raj et al., 2009 ).
Despite some reports, which found an association between the E23K polymorphism of Kir6.2 and the development of T2D (Nielsen et al., 2003; Alsmadi et al., 2008; Tabara et al., 2009; Zhou et al., 2009; Abdelhamid et al., 2014) , our results showed no association, which was in agreement with other studies (Inoue et al., 1997; Yokoi et al., 2006; Cejková et al., 2007; Cauchi et al., 2008; Keshavarz et al., 2014) . The MAF (A-allele) in our study of EuroBrazilians overlaps the 95% confidence interval for several European populations (Table 3) , suggesting consistency.
A meta-analysis for European populations confirmed the association between the E23K polymorphism and susceptibility to T2D in a large cohort (Gloyn et al., 2003) . The cohort studied was enriched for familiarity, and the authors suggested that to assess the trueattributable risk of this variant, cohorts of random type 2 diabetes populations are needed (Gloyn et al., 2003) .
Although there is general agreement that this polymorphism is a risk factor for T2D in several populations, the data are still inconsistent (Inoue et al., 1997; Gloyn et al., 2003; Nielsen et al., 2003; Yokoi et al., 2006; Wang et al., 2009 ). Hirschhorn and Altshuler (2002) suggest some reasons for failures to replicate associations between genetic variants and T2D. Among them, studies underpowered to detect the modest impact of individual loci or etiologic heterogeneity across populations are proposed.
E23K is a common polymorphism worldwide and each copy of the susceptibility allele has a modest effect (odds ratio ~1.15) on T2D (Zhou et al., 2009 ), but due to its high allele frequency, it is likely to have a large effect on population attributable risk (Gloyn et al., 2003) . Therefore, the small sample size of our study could be a limitation of the statistical power of the test. Nevertheless, a study by Cauchi et al. (2008) conducted with sufficient statistical power did not support a role for E23K as a T2D risk factor. Furthermore, it has been reported that the E23K variant is in strong linkage disequilibrium with rs1799854 located on the ABCC8 gene (Tabara et al., 2009) . In all examined populations, lysine carriers at KCNJ11 E23K almost invariably carry the alanine allele at ABCC8 rs757110 (A1369S), and it remains possible that either or both variants are actually required to produce these effects. However, in this study, we did not consider the effect of ABCC8 variants on promoting T2D.
Genetic background can affect susceptibility to T2D (Haghvirdizadeh et al., 2015) and miscegenation in Brazil is very high. Sale et al. (2007) found borderline association with KCNJ11 E23K (P = 0.044); however, after adjustment for admixture the association became insignificant.
In addition, environmental elements, such as BMI and physical activity, are involved in the etiology of T2D and have higher predictive power when compared to genetic information (Sargeant et al., 2000) . Therefore, obesity may influence the contribution of genetic factors such as E23K on T2D development in different populations. Indeed, associations have been shown between the E23K variant and a significant increase in BMI (Nielsen et al., 2003) , and with T2D in the presence of obesity (Keshavarz et al., 2014) . It has been shown that a polymorphism (R1273R) in the ABCC8 gene is significantly associated with progression of T2D in obese individuals (Evliyaoglu et al., 2011 ). This association information shows strong linkage disequilibrium between polymorphisms present in KCNJ11 and ABCC8 genes, and could suggest that mutation in both KCNJ11 and ABCC8 variants is required to cause the development of T2D in obese subjects. However, Cauchi et al. (2008) did not observe this effect. Contrary to this hypothesis, all variants, which have been associated with insulin secretion (Holmkvist et al., 2006; Steinthorsdottir et al., 2007; Terauchi et al., 2007) , were only associated with T2D in non-obese patients.
Therefore, genetic studies of this and other polymorphisms in and associated with the KCNJ11 gene are needed, not only for replication of these findings, but also for assessing its effect on T2D pathogenesis in populations with different genetic backgrounds and environments.
Our study shows similar results to those of European population-based studies presented in Table 3 , indicating the consistency of our findings.
In summary, our study found no evidence to suggest that the KCNJ11 polymorphism E23K (rs5219) plays a key role as a risk factor for T1D or T2D in the Euro-Brazilian population.
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